The flow parameters in the conventional power law viscosity model are generally considered to be function of temperature without considering the time-dependent property of the thixotropic flow. Practically, however, semi-solid casting is a time-dependent process, especially where the solid fraction is relatively high. Therefore, the current study focusses on introducing the shear time effect into the power law model. This is achieved by considering the rate at which the structure can evolve during transitions in geometry and hence changes in shear rate. The temperature-and time-dependent flow parameters of 319s aluminium alloy are determined by isothermal compression experiments in the semisolid state. In practice the shear strain during the geometric transition is proposed to identify the relevant time-dependent parameters for modelling the die filling process in a given geometry. Comparing with the practical thixocasting, the simulation employing this improved model works well in enabling visualization of the filling process of a complex product i.e. a turbocharger impeller. Furthermore, the non-filling defects can be successfully avoided with the aid of simulation analysis, showing the accuracy and potential improvement in properties by employing the improved viscosity model. The significance here is the development of the fundamental model, which will be applicable to other semisolid alloys and using any software package which incorporates the power law model.
Introduction
Semi-solid casting processes are used for the commercial production of cast components, especially for aluminium alloys for the automotive industry and communications industry. Solid-liquid slurries with non-dendritic microstructure produce a viscous feed material with thixotropic behaviour, providing for a more controllable die filling process [1e3] . As a result, the castings can be fully heat-treated, leading to further improved mechanical properties such as strength, ductility and fatigue resistance [4] . However, the process is rather sensitive to process parameters in comparison with conventional liquid casting. It is therefore significant to visualize the cavity filling process by using simulation. Although numerical solutions for semi-solid processes have benefited from significant developments in computational fluid dynamics, the modelling of the thixotropic metal flow is still a challenge for the practical application of semi-solid processing simulation [3, 5, 6] .
So far, there has been a substantial body of work published on the application of different viscosity models and corresponding experimental techniques for rheological parameter determination [5, 7, 8] . It is still difficult to incorporate the main affecting factors in a single model, especially the shear time. Atkinson [5] summarized the different theories to deal with the time-dependent property of the apparent viscosity. There are two main methods: introducing a structure parameter l to describe the microstructural evolution or using viscosity data itself to base the mathematical model on. The current models [e.g. [9, 10] ] considering the time-dependent property are not adapted to practical application because some parameters are difficult to measure experimentally. Practically, for the alloys that are potentially used in commercial semi-solid casting, there is an urgent need for systematic rheological data which incorporates the main determining factors to ensure the data is appropriate for the application. There is also a lack of direct comparison between simulation predictions and practical thixo-casting although a few studies have been published [e.g. [11] ].
The power law viscosity model, as expressed by Eq. (1) , is the most widely used model to represent the viscosity change of semisolid alloys during cavity filling. In fact, comparing with other nonNewtonian viscosity models such as the Cross model [5] and the Carreau model [12] , the power law model is not only simple mathematically but also in good agreement with the experimental data in the shear rate range for semi-solid die casting [5] .
where h a is the apparent viscosity, k is the consistency factor, _ g is the shear rate and n-1 is the flow exponent (n ¼ 1 for Newtonian).
In previous work [e.g. [8, 13, 14] ], however, the flow parameters are only considered as functions of temperature (i.e. liquid fraction), without concern for the effect of shear time on viscosity. This study aims at improving the use of the power law viscosity model in modelling semi-solid die casting. Aluminium alloy 319s is used as an exemplar for practical investigation. The temperatureand time-dependent flow parameters of semi-solid 319s alloy are investigated by isothermal compression under various deformation conditions. The effective liquid fraction was considered as the main temperature dependent term, and the viscosity based on that is also established so as to enable application to a wider range of alloys. The method for identifying the flow parameters for a specific gating system is suggested so as to incorporate the time effect into the power law model. The core of what is being examined here is the time over which a change in geometry in the die takes place and its effect on the viscosity (i.e. essentially how quickly can the semisolid slurry respond in terms of its internal structure to the change in geometry). The accuracy of the simulation results employing this model is further verified by comparing with practical thixocasting (in this case of a complex component e a turbocharger impeller). A typical non-filling defect is analysed by modelling using the timedependent model.
Experimental methods

Isothermal compression test of 319s alloy
The alloy used was 319s aluminium alloy (Al-5.8%Si-3%Cu-0.36% Mg-0.2%Ti, all % refer to wt %). The thixocasting process window for this alloy is about 15 C ranging from 565 C to 580 C [15] . The raw billets (F89 Â 178 mm) supplied by SAG (http://www.sag.at) were produced by a multi-strand horizontal continuous casting process, during which electromagnetic stirring was used to generate the globular semi-solid microstructure. The microstructures of the billets at different locations along the radius are shown in Fig. 1 , indicating the effects of cooling conditions on microstructures [15] . To eliminate the influence of the initial microstructure of the raw material on flow behaviour, in the follow-up experiments all the cylindrical samples 12 mm in diameter and 12 mm tall were machined from the half-radius locations (Fig. 1b) of the 89 mm diameter as-cast rods, with a hole of 2 mm in diameter and 6 mm in depth at the surface to accommodate a central thermocouple.
Isothermal compression tests were conducted on a high frequency fatigue tester (MTS Landmark 370) equipped with a model 653 high-temperature furnace and able to operate in monotonic mode. This machine provides high-speed closed-loop control and data acquisition. A compression rig was specially designed for the semi-solid compression experiments. The experimental setups are shown in Fig. 2 . The samples, placed at the centre of a flexible graphite gasket, were heated to the semi-solid temperature region of 565 C to 580 C. The set temperatures were at 5 C intervals. The temperatures of the samples were monitored and recorded during the whole reheating process. To obtain rheological data that are applicable to the engineering process, the heating curves in this experiment were controlled to be close to those in induction heating during the practical process as far as possible. Fig. 3 shows the reheating curves and the evolved microstructures after heating to the desired set temperatures and quenching. The induction heating curve and microstructure of a billet in practical thixocasting are also illustrated for comparison. The setup of the induction heating is specified in Section 2.3. To differentiate between adjacent particles, samples were electrolytically etched in a 2.5%vol HBF 4 solution at 30 V for 120s. Microstructures were examined using an optical microscope equipped with a polariscope. By using Weck's reagent (see Supplementary Information SI-1), the growth layer formed during water quenching was excluded when quantifying the liquid fraction. Table 1 lists the liquid fraction values of 319s alloy determined by thermodynamic prediction and by microstructural analysis. The Scheil model (in JMatPro version 8.0.4) was used for the thermodynamic prediction. The area fraction is roughly considered to be equivalent to volume fraction. The liquid fraction, both including the entrapped liquid in the body of the a-aluminium particle and excluding it (the latter called, in Table 1 , 'effective liquid fraction'), was determined by analysing 5 different fields of view in each sample. Here the difference between thermodynamic prediction and experimental measurement is mainly caused by the kinetics of melting [16] .
After reaching the desired temperature, the samples were compressed immediately at a constant ram speed without soaking. Ram speeds of 100 mm/s, 500 mm/s, 750 mm/s and 1000 mm/s were employed. The true strain of the compression was set at about 1.1 with displacement of 8 mm. The force-displacement data were saved and further processed by MTS TestSuite™ Software. Compression tests under identical conditions were repeated to ensure the experimental accuracy and repeatability. The homogeneity of semi-solid compression was also evaluated by examining the dilatant shear bands in the compressed samples as in the method used in Refs. [17, 18] . The experimental results support that the compression is reasonably treated as homogeneous flow (see SI-2).
Numerical simulation of semi-solid casting process
Assuming a Newtonian fluid and constant volume of sample during compression, the apparent viscosity data and corresponding shear rates were calculated from the measurements in compression experiments by applying the analytical formulae firstly adopted for semi-solid compression testing by Laxmanan and Flemings [13] . When the compression is carried out at a constant ram speed, the formulae are as follows:
where h a is the apparent viscosity, _ g is the average shear rate, H and R are the instantaneous height and radius of the sample respectively, V is the volume of the sample, F is the obtained force and v ram is the constant ram speed. Employing the apparent viscosity data, the temperature-and shearing time-dependent flow parameters in the power law viscosity model were determined to account for the thixotropic behaviour. After identifying the appropriate power law viscosity model for modelling the flow behaviour of the practical thixocasting part, ProCAST software (version 2013.5) was adopted to conduct the simulation because of its interface for the power law viscosity model. Some other critical parameters were also required as simulation inputs (see SI- Fig. 6 ).
Thixocasting of turbocharger compressor wheel
The component examined in the practical thixocasting is a 98 mm diameter turbocharger compressor wheel (also termed an impeller) with a complex demanding shape [4] . The schematic of the casting blank is illustrated in Fig. 4 showing the gating system and exhausting system. The castings were produced using a 340-ton Buhler horizontal cold chamber die casting machine with a large-diameter shot cylinder specially modified for semi-solid casting. Slugs 89 mm in diameter and 178 mm tall were cut from the pre-cast semi-solid feed material and reheated to 575 C using a 10-coil carousel-style induction heater. The die was heated and held at around 250 C. The plunger speed was 0.2 m/s at the beginning and then increased to 0.5 m/s once the flow started to fill the compressor wheel. To observe the development of the flow front during the cavity filling process, step-shooting experiments were carried out where the plunger is stopped when the die is partially filled. Then the incomplete castings were taken out after cooling down. This kind of experiment is reasonable when the solid fraction of slurry is high enough (normally higher than 50%vol.) to keep the flow front in place until the material is totally solidified.
Results and discussion
3.1. Time-dependent properties of semi-solid 319s alloy 3.1.1. Compression behaviour Fig. 5 shows the typical compression curves of semi-solid samples at various temperatures and ram speeds. One can observe that all the curves show a similar trend, i.e. an initial rapid rise, followed by decrease and then again a slight rise at the last stage. In the very initial stage of compression, the load increases nearly linearly and the slopes of load curves at different conditions exhibit regular changes. As shown in Fig. 5a , the slope of the initial part of the curve decreases with increasing temperature, but in Fig. 5b is relatively constant at different ram speeds. Assuming the semi-solid mixture is a single phase material, the slope essentially represents the 'stiffness' of the sample. As the samples were prepared by rapid remelting without soaking at the desired 4 . Schematic of the casting blank for the turbocharger compressor wheel (impeller) which is to be produced by thixocasting. temperatures, it is likely that there will be necks between solid particles [19] and matching faces (i.e. where liquid is in the process of penetrating between two particles and the particles are still close in orientation e at a later stage particles rotate relative to each other and will have differing orientations leading to contrasting colour in the micrograph). As illustrated in Fig. 6 , the solid particles behave as a skeleton structure in the initial stage which causes the sample to be able to support its own weight at semi-solid temperatures without any melt loss. Lower temperatures will be associated with a higher solid fraction and a stiffer skeleton with a higher yield. Favier and Atkinson [20] proposed a new model that clearly associates the elastic-type response with the solid skeleton for compression in the semi-solid state. The experimental data in this work provide further direct evidence to support their hypothesis. Kareh et al. [21] have argued from in situ observation, (at relatively low deformation rates in comparison with other results here and with relatively large particles) that shear-induced dilation of discrete rearranging particles occurs during the semi-solid compression. The particles translate independently under axial stress and can be closely-packed at a certain strain where the peak load appears. The peak loads are lower at higher compression temperatures and at lower set ram speeds. Higher temperature produces more liquid and more spheroidal particles and hence less interaction and freer movement for the particles. At a lower ram speed, there is more time for the particles to rearrange, and hence, the peak load is lower than that for higher ram speeds. As illustrated in Fig. 6 , the particles disassemble via translation and rotation [21] with increasing displacement, which results in a dramatic decline of the load. The load reaches a low plateau value before a rise caused by heavy deformation. Kareh et al. hypothesise that the load variation beyond the peak value is associated with the shearthinning property of semi-solid alloy where the agglomeration and disagglomeration of particles occur, i.e. the particles partially assembles (or contact) and disassembles simultaneously under shear. It is also suggested that, irrespective of the initial solid fraction provided it is greater than a critical value (0.62 in Ref. [21] ), the plateau load moves towards a constant value during deformation because of the constant packing density. Here, the results obtained are different. As shown in Fig. 5 , the plateau load is insensitive to compression speed but decreases with increasing temperature. This may arise from the lower particle shape factor in this study which increases the critical value of solid fraction for a constant packing density. In addition, the compression speed is much higher than in the Kareh et al. results, precluding agglomeration (which tends to be quite slow). Fig. 7 shows the effects of varying compression parameters on the apparent viscosities of 319s alloy calculated from measured loads using Eqs. (2) and (3). The viscosities decrease with increasing temperature, i.e. increasing effective liquid fraction. From the enlarged area on the right in the figure, one can observe that higher ram speed leads to higher viscosity at a given shear rate.
Time-dependent flow parameters
Assuming constant volume, Eq. (3) can be rewritten:
where R 0 and H 0 are the initial radius and height of the sample respectively, t is the shear time.
Taking the derivative with respect to shear time, Eq. (4) becomes: The gradient of shear rate d _ g=dt increases with increasing ram speed, which reduces the shearing time needed to achieve the same shear rate. As a result, the higher the ram speed the shorter the response time for the structure to achieve the degree of disagglomeration appropriate to the new shear rate. All the viscosity curves exhibit two-section linear relationships with increasing shear rate, and as mentioned earlier, there are inflection points (a and b in Fig. 7) which are caused by different structural evolution mechanisms. These inflection points are relatively insensitive to temperature but as the ram speed increases they shift to a higher shear rate. In essence, the position of the inflections is affected by the shear rate gradient which is co-determined by ram speed and initial sample dimensions. In practice, the shear rate at the inflection is easy to achieve when the slurry is just entering the runner in the semi-solid high pressure die casting process. Therefore, the viscosity data beyond the inflections is significant for numerical simulation and will be employed to establish the viscosity model in this study. The calculated viscosities of typical semi-solid aluminium alloys via various experimental methods are summarized in Fig. 8 on a log-log scale. The overall viscosity values in this study are higher than those from the previous works. This is thought to be associated with the nature of the initial microstructures before deformation (effective liquid fraction, f L-eff, and shape factor). In the results from Quaak [22] , the slurry was prepared by partial solidification and there was little liquid entrapment within solid spheroids, inducing higher effective liquid fraction compared with partial re-melting from the solid state. The testing was conducted with a rotational viscometer and the results plotted are for steady-state behaviour rather than transient flow. As a result, the viscosity values are lower and less relevant to industrial semi-solid die casting than the current values. The alloys used in the work by Yurko et al. [23] and Lou e et al. [24] were soaked at temperature before deformation and hence are likely to have well-spheroidised particles based on evidence in Ref. [25] . The route used to obtain the non-dendritic microstructure for processing also affects the shape factor. The strain induced melt activated (SIMA) route generally produce particles with a higher shape factor (i.e. closer to the perfect spheroid) than the magnetohydrodynamic (MHD) route, with a consequent effect on viscosity. In the experiments reported here the measurements have been taken as soon as the billet has reached the set temperature and therefore are more consonant with industrial behaviour than those in Refs.
[22e24]. As can be seen from Fig. 8 , the viscosity values recorded in the work of Liu et al. [26] are very close to the viscosities in the present work with the effective liquid fraction at 0.27. In both cases, the experiments were carried out without soaking, and the reheated samples are similar in terms of the thermodynamically predicted liquid fraction f L as the liquid fractions are 0.42 for 319s alloy at 565 C (see Table 1 ) and 0.45 in Ref. [26] . All datasets shown in Fig. 8 are in reasonable agreement considering the expected variation in effective liquid fraction and shape factor. Raising temperature or extending soaking time would increase effective liquid fraction and lead to more spheroidal particles, resulting in decreasing viscosity of semi-solid slurry. Therefore, the flow parameters in power law viscosity model are a function of temperature (i.e. effective liquid fraction) and shape factor. In this paper we focus on effective liquid fraction for simplicity and also because effective liquid fraction is undoubtedly a major factor.
The discrete viscosity data from this work were linearly fitted with the regression coefficients R 2 of~1, indicating that the experimental data can be represented well by a power law relationship. The values of the flow exponent n-1 and consistency factor k under ram speeds of 100 mm/s and 500 mm/s were determined by linear fitting analysis. The negative flow exponents demonstrate the dependence of the apparent viscosity on the rate of change of the shear rate with time and on the temperature (mainly effective liquid fraction). Similarly, the consistency factor k is also determined by temperature and by the rate at which the shear rate changes with the change in sample dimension which introduces the time effect. As shown in Fig. 9 , the flow parameters are well represented by an exponential relationship in following form.
f ðTÞ ¼ A expðBTÞ þ C
where T is the absolute temperature, and A, B, C are constants at a fixed compression speed. The flow exponent increases as temperature rises, while a higher ram speed causes a lower value of the flow exponent, showing a stronger shear-thinning property. Fig. 9b indicates that the consistency factor at higher ram speed drops faster with increasing temperature comparing with lower ram speed. The consistency factor is less sensitive to ram speed at higher temperature. As discussed above, the power law model considers the semisolid slurry as a homogeneous suspension of solid particles with an apparent viscosity which depends on temperature (essentially initial microstructure including effective liquid fraction, shape factor and the level of agglomeration), shear rate, and the shearing time to reach a given shear rate. Using the power law regression models for the 319s alloy with the different ram speeds, two power law viscosity models are established as shown in Table 2 . Note that for the fitted values to apply, the following two rules must both be obeyed: the viscosity at lower temperature should be higher than that at higher temperature under the same deformation conditions, and the viscosity at higher ram speed is higher than that at lower ram speed.
There are several structural terms (e.g. the effective liquid fraction, shape factor and size of particles etc.) which would affect the viscosity, and hence the models in Table 2 are only valid for 319s alloy with a similar slurry preparation history (Fig. 3) . It would be necessary to incorporate all the factors in the viscosity model to make it fully applicable for other alloys and processing routes. In this study the effective liquid fraction was considered as the main factor representing the temperature-dependent terms in the power law model. However, in future work the dependence on other features of the initial semi-solid microstructure could be considered. Using the same data analysis method as shown in Fig. 9 , the viscosity models were established as functions of effective liquid fraction (Model III and Model IV in SI-3). Fig. 10 shows a 3D colour map of viscosity change, illustrating that viscosity decreases with rising effective liquid fraction and shear rate. Under the same shear rate and liquid fraction, the higher the compression speed is, the higher the viscosity. Semi-solid die casting with less than 50% liquid fraction generally exhibits planar metal flow fronts. The flow regimes for semi-solid alloys have been characterized by Janudom et al. [27] based on the ratio of gate speed to initial solid fraction (v g /f s ). To determine the type of flow during the process, the dimensionless Reynolds number was roughly calculated. The Reynolds number is given by formula [28] :
where n is an exponent determined by the rheological properties of the flow as in Eq. (1), D is the diameter of the channel, V is the flow velocity and r the density of the alloy. For a typical semi-solid die casting process, taking n equals 0.4 for semi-solid slurry with effective liquid fraction at 40% referring to the data in Fig. 9 , the diameter of the gate as 10 cm, the metal flow velocity 5 m/s at the gate, and the density and viscosity of the semi-solid aluminium alloy 2.7 g/cm 3 and 10 Pa s respectively, the calculated Reynolds number is about 1411. Given our knowledge of the industrial semisolid casting process, the Reynolds number of the flow is likely to be even lower than 1411 because of the lower flow velocity and higher viscosity. As a result, the semi-solid flow can be regarded as laminar flow in the following discussion. The geometry of the gating system must also be specified as both the shape and dimension have a strong influence on the shear rate, i.e. on the flow state. In industrial semi-solid casting for the turbocharger impeller component under consideration as an exemplar here, the gating system is designed as a circular channel with decreasing diameters to ensure good fluidity of the semi-solid slurry, as shown in Fig. 4 . For a fully developed laminar flow in a pipeline, the shear rate is given by formula [28] :
where r is the radial distance from the centreline of the pipeline and D is the instantaneous diameter of the pipeline. The average Fig. 9 . Effects of temperatures and ram speeds on the (a) flow exponent n-1 and (b) consistency factor k for 319s alloy. Table 2 The fitted parameters in power law equation, revealing the effect of shear time on k and n-1. shear rate over the cross-section of the flow _ g pipe , obtained by integrating throughout the cross-section is:
Now we focus on the filling example illustrated in Fig. 11 because we want to demonstrate the importance of the transition region between two cross-sections, i.e. domain 2, and the way and time in which the semi-solid fluid attains the structure characteristic of the dimensions, and hence shear rate, in domain 3. For the filling example in Fig. 11 , the average shear rate as a function of filling time is:
ð2n þ 1ÞðD 1 À 6 cot aVtÞ (10) where a is the angle marked in Fig. 11 . When the flow starts to fill the domain 2 t ¼ 0 and we can substitute D 1 ¼ 2D 3 ¼ 0.1 m, V ¼ 1 m/s and n ¼ 1 to specify the shear rate change as the cavity is filled. The average shear rate then is calculated and plotted in Fig. 12 with various a. One can observe that the average shear rates in domain 1 and domain 3 are constant while in domain 2 the trend varies with angle i.e. geometry. Without consideration of the solidification during the filling process, the viscosity in domain 1 remains constant because the agglomerate structure achieves an equilibrium between breaking-down and building-up under a constant shear rate. Whilst domain 2 is being filled, the shear rate increases with the curve depending on the angle as shown in Fig. 12 . The viscosity will decrease over time until the agglomerate size reaches an equilibrium size appropriate to the new shear rate. In this domain, the structure undergoes different shear rates and shearing times, resulting in different viscosities when starting to fill domain 3. During the filling under a constant shear rate in domain 3, the different viscosities (h 30 > h 45 > h 60 ) continue to decrease and then attain the same constant value when the structure is appropriate to the domain 3 shear rate. It is also possible that the viscosity attains the 'target' value at the beginning of filling domain 3 if the shearing time is adequate for the full structural evolution in domain 2.
Criterion for adopting time-dependent parameters
By using the power law model for the filling example above, the viscosity will be the same when filling domain 3, where the shear rate is the same even though the fluid has been sheared via different routes. In effect, the time-dependent property during the shear rate change is set on one side by using the power law relationship.
From the isothermal compression tests as discussed in Section 3.1, the viscosity data were obtained based on different ram speeds, as given in Table 2 , indicating that the response time to the shear rate change has a strong influence on the flow behaviour. Essentially, when the semi-solid slurry is deformed under a shear stress, both the shear rate value and the shearing time will affect the final shear performance. Hence, the optimum viscosity model for a specified case should be obtained by the experiments that are conducted at the same shear rate change trend as that associated with the specified geometry.
To incorporate the two shear factors (i.e. shear rate and shear time), the integration of shear rate with deformation time is examined. When shear occurs, as illustrated in Fig. 13 , Particles 1 and 2 are displaced by different distances. As the shear rate relates to the gradient of the flow velocity, the integration can be expressed as:
The shear strain g reveals the overall relative change of spatial location of particles during the shearing period, relating to the viscosity change under shear. For two different shear routes the viscosities undergo the same changes with the same value of shear strain. Therefore, the shear strain is proposed as a criterion to estimate the shear performance in different shear routes. Fig. 14 shows the comparison of the average shear rate change curves from filling examples given above and compression tests. Here, the shear strains are listed in Table 3 for various geometries.
The results indicate that the shear strain of filling with a ¼ 30 is closely allied to that from compression at 500 mm/s. In other words, in the two fitted power law models listed in Table 2 , the time-dependent parameters in Model II are appropriate for modelling the case with 30 . Similarly, it is also appropriate to adopt parameters in Model I for the other two filling cases i.e. 45 and 60 .
Note that adopting this criterion is based on experimental compression data obtained at different ram speeds. In this work, there are two ram speeds for determining the time-dependent parameters. The gradient of shear rate is high enough for industrial semi-solid casting at compression speed of 500 mm/s, while it is still necessary to determine further rheological data between 100 mm/s and 500 mm/s in future work.
Numerical simulation application
-The common simulation assumptions for conventional High Pressure Die Casting (HPDC) [29] were used except for some parameters which were specified due to the particular characteristics of the semi-solid casting process. These different parameters from conventional High Pressure Die Casting (HPDC) are: -The filling process is simulated with constant viscosity to determine the shear rate change along the flow direction. Similarly with the example illustrated in Fig. 14 , the Model I for viscosity change was employed to represent rheological behaviour of the 319s alloy when simulating the practical die filling process.
The free-slip laminar boundary condition is assumed, which allows a velocity boundary layer along the mould wall to be taken into account. A specific parameter "WALLF" [29] in ProCAST is used to compute the velocity of the free surface at the mould wall. The value is set at 0.8 in this work to simulate the roughness of the mould surface whereas a value of 0.99 is used for HPDC, to indicate higher friction in the former than the latter case.
For various partial filling percentages, the detailed cavity filling Fig. 15 for direct comparison. As illustrated by experiments, the flow velocity at the upper part of the flow section is higher than the velocity at the bottom when filling the runner. With the slurry starting to fill the turbocharger compressor wheel, the flow hits the top of the die first and then fills the blades synchronously and uniformly. In general, the viscous slurry behaves in a laminar way, without splash or jet and fills the die sequentially and stably from the gate. This ensures the smooth discharge of the gas and is effective in avoiding air entrapment. Comparing both the filling sequence and the characteristics of the flow front, excellent agreement with experimental results is obtained, demonstrating the applicability and accuracy of the modified viscosity model.
Comparing with the previous model [30] , the accuracy of the simulation work has been significantly improved. The simulation results with Model II are also presented (see SI- Fig. 8) for comparison, indicating the effect of shear strain at the transition region on viscosity and hence the flow behaviour. The simulation is helpful to predict potential defects and analyse the causes. In the case of the turbocharger compressor wheel, a non-filling defect occasionally occurs at the small blade tips (marked in Fig. 16 ) in industrial practice. To determine the final filling location, the specific blade filling process was analysed by simulation. Only the two targeted blades were finely meshed to save on simulation time. The temperature is~2 C lower comparing with other blades at the filling temperature of 575 C. As illustrated in Fig. 17 , the simulation results indicate the final filling location and this is coincident with the actual non-filling location in experiments. The slurry flows from right to left, as marked by arrows in (a), and then stops before the blade edge is filled. It finally flows from bottom to top to fill the rest of the space, as marked by the arrow in (b, c). In consideration of the thin-wall of the small blade, the non-filling defect will easily occur at the final filling location once the slurry fluidity is not appropriate. It is clear that the fluidity is highly sensitive to deformation conditions, especially for the slurry with high solid fraction. Lower filling speed and lower mould temperature will exacerbate the poor fluidity. In the current case, the non-filling defect was avoided in practice by increasing the mould temperature where the small blade is located.
Summary and conclusions
The current paper focusses on improving the viscosity model in modelling semi-solid thixocasting. In particular, the rate at which the structure can evolve during transitions in geometry (and hence changes in shear rate) is seen as a crucial factor. In practice the shear strain during such a geometric transition should be used to identify the relevant time-dependent parameters for modelling based on compression tests. The work can be summarized as follows:
(1) The viscosity is not only determined by liquid fraction and shear rate, but also strongly related to the rate of shear rate change. The value of shear strain with a given geometry was proposed as a criterion to identify the time-dependent flow parameters for improvement of the power law model. (2) The improved viscosity model produced close agreement between the simulation of the cavity filling process for a turbocharger compressor wheel and experimental partial filling shots. (3) The improved model enabled precise prediction of an experimentally observed non-filling defect on a wafer-thin small blade on the complex shaped turbocharger compressor wheel, indicating the accuracy and potential improvement in flow prediction and methods to avoid defects in industrial processing.
